The catalytic activity for dimethyl carbonate formation from carbon dioxide and methanol over mono and bimetallic Cu:Ni supported on activated carbon is presented. Bimetallic catalysts exhibit higher catalytic activity than the monometallic samples, being Cu:Ni-2:1 (molar ratio) the best catalyst; X-Ray diffraction, transmission electron microscopy, and metal dispersion analysis provided insight into the improved activity. In situ FT-IR experiments were conducted to investigate the mechanism of formation of dimethyl carbonate from methanol and carbon dioxide over Cu-Ni:2-1. The kinetics of the direct synthesis of dimethyl carbonate in gas phase over Cu:Ni-2:1 supported on activated carbon catalyst was experimentally investigated at 12 bar and temperatures between 90 o C and 130 o C, varying the partial pressures of CO 2 and methanol. Experimental kinetic data were consistent with a Langmuir-Hinshelwood model that included carbon dioxide and methanol adsorption on catalyst actives sites (Cu, Ni and Cu-Ni), and the reaction of adsorbed CO 2 with methoxi species as the rate determining step. The estimated apparent activation energy was 94.2 kJ mol -1 .
Introduction
Dimethyl carbonate (DMC) has a wide range of applications, such as organic solvent [1] , raw material in the production of polyurethanes and polycarbonates [2] , methylating [3] and carbonylating agent [4] , electrolyte solvent in lithium batteries [5] , and fuel additive [6] .
DMC is produced by several catalytic routes including phosgenation of methanol [7] , transesterification of urea and methanol [8] , oxidative carbonylation of methanol [9] , transesterification of ethyl carbonate and methanol [10] , carbonylation of methyl nitrite [11] , and methanolysis of carbon dioxide. The direct synthesis of DMC from CO 2 and methanol is a green chemical route that would replace toxic and corrosive reagents, such as phosgene, ammonia, carbon monoxide, hydrogen chloride or dimethyl sulphate, by low-cost carbon dioxide. However, the direct synthesis of DMC is thermodynamically limited and low yields are obtained, which can be overcome, respectively, with the efficient removal of water from the reaction mixture (e.g., by using hydrophilic membranes or water traps), and the design of novel catalysts. Catalytic synthesis of dimethyl carbonate from methanol and carbon dioxide have been carried out over K 2 CO 3 [12] , CH 3 OK [13] , ZrO 2 [14] ZrO 2 -CeO 2 [15] , CeO 2 [16] , Al 2 O 3 -CeO 2 [17] , and Ga 2 O 3 /Ce x Zr 1 − x O 2 [18] catalysts. The batch reaction is conducted at high pressure (4 MPa) in almost all cases, however, increasing operational costs.
A gas-phase process, on the other hand, would facilitate process control and catalyst recovery, reducing operational and capital costs and smoothing the scaling-up of a continuous process. Table 1 shows the activity and reaction conditions reported for gas phase synthesis of DMC with heterogeneous catalysts.
According to Table 1 , reported methanol conversion is above 0.58%, which, albeit low, is close to the expected equilibrium value [28] ; additionally, catalysts exhibited high selectivity to the desired product. Furthermore, Cu-Ni bimetallic catalysts present higher catalytic activity than the Cu and Ni monometallic samples, possibly due to the synergetic effect of Cu, Ni and Cu-Ni alloy (evidenced by XRD [23] ) in the activation of reactants. It can also be observed that the kind of support plays an important role in the activity, being supports based on carbonaceous materials the ones that most favor activity (see Table  1 , entries 6, 9, 10, 13) . Therefore, selecting a suitable supporting material is a crucial factor to get highly effective catalysts. In particular, activated carbon, an inexpensive and available material, displays high surface area and high mechanical, chemical and thermal stability.
In order to scale the gas-phase reaction, information on the kinetics of DMC synthesis in gas phase is required. Kinetic studies of the liquid phase synthesis of DMC from methanol and carbon dioxide over CeO 2 [29] and CeO 2 nanorod catalysts [30] have been reported. A reaction rate based on the Langmuir-Hinshelwood mechanism was proposed, including the following steps: adsorption of methanol and carbon dioxide over CeO 2 sites, reaction between adsorbed species (MeOH* + CO 2 *) and desorption of the products (DMC and H 2 O); the surface reaction is the limiting step [29] , [30] . The activation energy of the reaction reported was 106 kJ mol −1 [29] and 65 kJ mol −1 [30] . However, kinetic results, which are essential to develop a kinetic model that would allow evaluating novel integrated processes to overcome the low equilibrium conversion, are very scarce. In this contribution, the kinetic study of dimethyl carbonate gas phase synthesis over Cu:Ni-2:1 supported on activated carbon is presented. Catalytic activity and characterization of the bimetallic and monometallic samples is also discussed. In-situ FTIR helped elucidate the nature of the adsorbed species formed during the dimethyl carbonate synthesis and validated the proposed kinetic model.
Experimental section 2.1 Catalyst synthesis
In order to remove mineral impurities and improve its hydrophilicity, the activated carbon (AC) (Merck) was treated with 2 M HCl solution for 12 h in boiling water under reflux, followed by filtering and washing with deionized water, and drying at 100 o C for 12 h. The AC was further oxidized with 4 M H 2 SO 4 , filtered and washed until neutral pH, and dried in air (110 ºC, 24 h). AC was stored in desiccators before using them as catalyst supports. Mono and bimetallic catalysts were prepared by conventional wetness impregnation on the treated AC, previously reported [31] , using Cu(NO 3 ) 2 ·3H 2 O (Carlo Erba, 99.5%) and Ni(NO 3 ) 2 ·6H 2 O (Merck, 99%) dissolved in ammonia solution. Different Cu:Ni molar ratio (3:1, 2:1, 1:1, 1:2, 1:3) were prepared, with a nominal metal oxide loading (CuO + NiO) of 15 wt.%. After addition of the precursor solutions to the activated carbon, the resulting mixtures were stirred at room temperature for 24 h, and then dried at 90 o C during 12 h. After drying, the solids were calcined in a N 2 stream (25 mL min -1 ) at 500 o C for 2 h (heating ramp 0.5 o C min -1 ) and then reduced in a 5% H 2 /Ar stream at 600 o C for 3 h (heating ramp 0.5 o C min -1 ).
Catalyst characterization X-Ray diffraction (XRD)
The crystallinity of the synthesized materials was determined at room temperature by X-ray diffraction (XRD) of the reduced catalyst on a Phillips PW 1740 diffractometer using Cu Kα radiation and Ni filter operated at 40 kV and 20 mA. The 2θ scanning range was 5 -70 o at 2 o min -1 . The diffractograms were compared to JCPDS (Joint Committee of Powder Diffraction Standards) data. The crystallite size of mono and bimetallic particles was calculated from the broadening of X-ray diffraction 
Where, D is the average crystallite size (nm); K is the Scherrer's constant (K= 0.94 for spherical crystals with cubic symmetry); λ is the radiation wavelength (0.154 nm); (β m β i ) is the broadening of the full width at half maximum of the main peak, β m : sample; β i : reference = 0.11; and, θ is the Bragg's angle (degrees).
Surface area
Nitrogen adsorption/desorption isotherms of catalysts were determined by N2 physisorption of liquid nitrogen at -196 o C, using a Micromeritics 2375 BET instrument equipped with a Vacprep 061 degasser. Prior to the experiments, samples were degassed for 2 h at 250 o C and 1.5 × 10 −4 bar to ensure a clean and dry surface. The Brunauer-Emmett-Teller (BET) and the Barrett-Joyner-Halenda (BHJ) approaches were used to determine the surface area and the pore size distribution of the samples, respectively.
CO pulse chemisorption
CO pulse chemisorption experiments were carried out in a Micromeritics Autochem II 2920 device. Prior to the analysis, 50 mg samples were pre-reduced in flowing 5% H 2 /Ar mixture (50 mL min -1 ) at 120 o C and 220 o C during 30 min at each temperature, and at 350 o C for 2 h; heating rate was 10 o C min -1 between steps. Then, samples were purged in helium at 350°C for 1.5 h and cooled to 35 o C in flowing He. Pulses of a 1% CO/He mixture (0.8318 mL) were injected at 35 o C into the chamber holding the sample; injection was repeated 20 times at 4 min intervals. Metal dispersion (see Equation 2) was determined by assuming the adsorption stoichiometry of one carbon monoxide molecule per nickel or copper surface atom (CO/Ni = CO/Cu 1).
Consumed CO = quantity of consumed or chemisorbed CO [mol g -1 ] ; M = mass of the catalyst [g]; M W = molecular weight of metal (Cu or Ni) [g mol -1 ]; F = stoichiometric factor (CO:Cu 1:1 and CO:Ni 1:1); and, M xbulk = mass metal (Cu or Ni). In bimetallic catalysts dispersion was calculated as the sum of Cu and Ni dispersion.
Transmission Electron Microscopy (TEM)
The particle morphology, size and size distribution of metal particles dispersed on the catalyst were characterized by TEM (JEOL JEM-2100F/UHR). The system was operated with an accelerating voltage of 200 kV and emission current of 124 µA. Several TEM micrographs were recorded and analyzed for particle size distribution. At least 100 metal nanoparticles per sample were analyzed to determine the average size and size distribution.
Temperature Programmed Reduction (TPR)
H 2 -TPR experiments of calcined catalyst samples were performed in a Micromeritics AutoChem II 2920 apparatus. Samples (50 mg) were pretreated at 5 o C min -1 to 250 o C for 1 h in flowing helium (70 mL min -1 ), and then cooled to 40 o C. Thereafter, the samples were heated to 800 o C using 5% H 2 /Ar (70 mL min -1 ) at 8 o C min -1 . The signals of H 2 consumption were continuously monitored by a thermal conductivity detector (TCD). The reducibility of the samples (%) was calculated as the ratio of the theoretical and experimental H 2 consumption. For quantitative analysis the experimental H 2 consumption was compared to that of a known weight of CuO (99.999%) standard.
Catalytic activity
Catalytic tests were performed in a continuous stainless steel (SS) tubular fixed-bed reactor (ID 7 mm) packed with 0.5 g of catalyst sample. Methanol vapor was introduced into the reactor by a stream of CO 2 /He flowing through a SS bubbler containing the liquid alcohol. All reactions were carried out for 3 h at 90 o C, 13 bar and total gas flow was about 50 mL min -1 (actual flow rate at reaction conditions). 
Methanol conversion
× 100 (6) DMC yield = conversion × selectivity × 100 (7)
Kinetic measurements
The gas-phase experiments were conducted in a stainless-steel fixed bed reactor (ID 7 mm, length of 25 cm) packed with 1 g of catalyst Cu-Ni:2-1, at 12 bar and 110 o C, with different initial CO 2 (0.55-1.65 bar) and methanol partial pressures (0.21-0.83 bar). A CO 2 /He mixture was flown through a bubbler filled up with methanol at a given temperature. CO 2 , methanol and DMC concentrations (in ppm) were measured online with a mass spectrometer QMS Thermostar 200 (Pfeiffer) equipped with a Secondary Electron Multiplier detector with resolution of 0.01 ppm. The experimental molar fractions of reactants and products were calculated from their partial pressure and the total pressure.
Kinect modeling
A genetic algorithm (GA) was implemented for parameter fitting; the calculation routine was developed using MATLAB R2008b. Minimization of the difference between the calculated DMC mass fraction y calc and the experimental DMC mass fraction y exp was the objective function for the GA. The optimal solution was the vector of variables that minimized the objective function (Equation 8), defined as the sum of the absolute value of relative deviation between the experimental molar fraction (y exp,i ) and that calculated from the kinetic equation (y calc ,i,
); n is the number of experiments (n = 11) [32] .
Experimental data for this evaluation are given in Table 2 .
y calc was calculated as
Where: P = total pressure, R = universal gas constant (0.0082 atm L mol -1 K -1 ),
The expression for the reaction rate was obtained from the proposed kinetic mechanism and is shown below in section 3.2. 11). Thence, the target variables of the GA were the pre-exponential factor (A) and activation energy (E a ) for the rate constant, and the Gibbs free energies (△G i ) for the equilibrium constants. Once the target variables were found by the GA, the rate and adsorption equilibrium constants were directly calculated, and with these the reaction rate and thus y calc were obtained to evaluate the objective function.
GA is an optimization method based on natural selection in which a random group of individual solutions is created and then repeatedly modified so that the population evolves until finding an optimal solution [33] . A major advantage of GA is that it can be used in optimization problems that are usually not suitable for standard optimization methods, such as discontinuous, non-differentiable, stochastic or highly non-linear objective functions [33] . Besides, GA explores a large portion of the response surface, is resistant to local optima and bad-conditioned response surfaces, allows determining a number of parameters simultaneously, and does not depend on initial values [34] . Furthermore, GA has been successfully applied for kinetic parameter estimation [34] [35] [36] .
A roulette-wheel selection function, scattered crossover and gaussian mutation were used, and the distance between individuals of a population and the best and mean individuals was plotted to observe diversity and convergence [33] . Due to the number of variables and their (possible) wide span, a population size of 500 individuals was chosen and a maximum of 100 generations was established. In addition, the GA was run 15 times for every trial to have statistically significant values. Finally, a real coded GA (instead of binary coded) was used as its parameters allow setting wide domains, which increases the precision of the results [35] .
In situ FTIR measurements
In situ infrared spectroscopy measurements were carried out inside a low dead-volume stainless steel transmittance cell equipped with flow and temperature controls (Bruker FTIR spectroscope Tensor series 27, equipped with a TE-DLaTGS detector with stabilized temperature). The cell was capped at both ends (entrance and exit of IR beam) by IR-transparent KBr windows. Powdered monometallic Cu/AC, Ni/AC and bimetallic Cu:Ni-2:1 catalysts were pressed into thin disks with a diameter of 2 cm (10 to 20 mg in weight); each thin disk was then placed inside the cell operating at atmospheric pressure. Due to the opaque nature of carbon-supported metal catalysts the powders for the FTIR studies were dispersed in a commercial Al 2 O 3 matrix (99.97% Alfa-Aesar, < 150 mesh) prior to the formation of the disk; alumina was selected because it has been reported as being inert in the direct synthesis of DMC [36] , and the signals for methanol and CO 2 on the bare alumina disk were substracted from the spectra of the different samples. Tests were carried out for the adsorption of methanol and CO 2 by flowing a stream of 200 mL min -1 of 10 % methanol/N 2 and 5 % CO 2 /N 2 , respectively. Between 24 and 64 scans in the 4000 to 800 cm -1 spectral range, with a scan speed of 2.2 kHz and a resolution of 4 cm -1 , were recorded for each spectrum. The spacing of data points was 1.929 cm -1 . Before each run (e.g., adsorption of methanol or methanol-CO 2 adsorption), the reactor cell was purged by flowing N 2 for 1 h. The spectra were recorded in Kubelka-Munk units.q Figure 1 shows the catalytic activity of monometallic and bimetallic samples in terms of MeOH conversion and DMC yield (a), and TOF number (b); no conversion was observed in the bare support.
Results and discussion

Catalytic activity
Bimetallic catalysts display higher conversion and DMC yield than the monometallic ones. Since conversions in the monometallic catalysts were too low, the presence of the second metal is needed to achieve significant activity. Moreover, both conversion and yield follow similar trends with two peaks of activity, for the catalysts with Cu:Ni ratios of 2-1 and 1-3. The best catalytic activity is achieved for an intermediate content of Cu, i.e., for the 2-1 ratio. TOF values, Figure 1 (b) , are a better indicator of catalyst activity since they account for the number of active sites of Cu and Ni present in each sample. Similarly to the trend of methanol conversion and DMC yield, Cu/AC or Ni/AC monometallic catalyst displayed very low TOFs. Furthermore, TOF values are much larger in bimetallic catalysts, implying that the synergistic effect of Cu and Ni likely plays a significant role. Catalyst Cu:Ni with a molar ratio of 2:1 showed the highest TOF (73.8 h -1 ), conversion (2.71%) and yield (2.11%). Selectivity to DMC was above 80%; the main by-products were dimethyl ether (from activation species of methanol) and carbon monoxide (from the cleavage of C-O bond of carbon dioxide), in agreement with [21] . 
Catalyst characterization
XRD and cell parameter of monometallic and bimetallic samples are shown in Figure 2 . Activated carbon (not shown) support exhibited a broad and low intensity peak at 2θ = 23 o , associated with particular diffraction of activated carbon [21] . cell parameter of tested catalysts [37] Indeed, for the bimetallic samples, the diffraction lines corresponding to (111) and (200) Miller indices shift linearly with Cu loading. The increase in the lattice parameter as a function of the Cu concentration, Figure 2b , follows Vegard's Law, i.e., the linear relationship between the lattice parameter of an alloy and the concentration of the two components is an indication of the formation of a Cu-Ni solid solution in the composition range studied [38] . The presence of a Cu-Ni alloy may account for the increased catalytic activity for DMC formation observed with the Cu:Ni molar ratio.
The crystallite size of the copper, nickel and Cu:Ni-2:1 is presented in Table 3 . The bimetallic Cu:Ni-2:1 sample presented smaller particle size than the monometallic systems. It is well known that on (relatively) small particles, the fraction of defect sites, e.g., corner sites and low coordination atomic sites, is higher than for relatively large particles, and thus smaller particles exhibit higher number of adsorption sites and higher catalytic activity. In any case, the bimetallic systems are composed for smaller and well dispersed metallic particles contributing to the better DMC behavior. Figure 3 presents the TEM images of Cu:Ni-2:1 catalyst with the corresponding particle-size distribution (distributions were fitted with Pearson VII function). The TEM image shows some differences in the morphological characteristics of metal particles. Most particles adopt spherical shape but some particles with rectangular, elliptical and irregular shapes are also observed in both monometallic and bimetallic samples. Generally, metal particles are uniformly dispersed over carbon surface for monometallic samples, whereas particle agglomeration could be observed with Cu-Ni catalyst.
An area survey allowed to extract a particle-size distribution, showing that individual particles consisted of small nanocrystals with an average diameter of 14.33 nm for Cu, Cu-Ni alloy particles, in agreement with XRD results. The mean diameter obtained for Cu-Ni alloy is close to a simple addition between diameters of individual Cu and Ni particles, indicating a possible incorporation of Ni into Cu structure or proximity between particles. Table 4 summarizes the surface area, metal dispersion, and metal composition of fresh catalyst samples. The BET surface area of all supported catalysts is lower than the surface area of activated carbon (764 m 2 g -1 ). The reduction of AC surface area, between 10 and 19%, may be associated with the high temperatures at which the samples were subjected to during calcination and activation with hydrogen: 500 o C and 600 o C, respectively.
Results of metal dispersion may help explain the Cu-Ni interactions in the catalysts. With the exception of catalysts with Cu:Ni molar ratio of 3:1 and 2:1, metal dispersion of all samples was equal to or larger than the monometallic catalysts. The lower dispersion in 3:1 and 2:1 samples is in agreement with the formation of a Cu-Ni alloy (which implies a lower presence of species of Cu and Ni metal in an individual manner) with the corresponding ''loss'' of binding sites for CO (the probe molecule) to chemisorb [39] . Thence, the Cu-Ni interaction, with the possible synergistic effect in activating reactants, increases in the sample with lower dispersion (i.e., higher degree of alloying). Metal dispersion also appears to be related to Ni loading, higher dispersions observed as the nickel loading increased. The reducibility of samples calculated as the ratio of the theoretical and experimental H 2 consumption, indicate that the Cu:Ni-2:1 sample has a higher reducibility percentage (14.9%) than monometallic Cu (11.6%) and Ni (12.7%).
As for the active sites, in the bimetallic Cu:Ni-2:1 catalyst, besides the existence of the Cu-Ni alloy (confirmed by XRD) the presence of water could induce partial oxidation of both metals, being Cu and Ni rapidly oxidized, but the latter presents lower rate of reduction. Therefore, a Cu 0 /NiO x interface may be present in the catalyst. The electronic interchange between those phases could provide an electron rich interface where the reactant molecules can be activated and the reaction favored [40] .
FTIR experiments
Based on our FTIR results (shown elsewhere [41] ), the main steps in the adsorption of methanol and carbon dioxide on the catalyst surface can be outlined as follows. Methanol is activated by dissociative adsorption to yield a methoxide group and a proton adsorbed on adjacent active metal sites. Carbon dioxide activation forms monodentate carboxylate species, a step that favors the reaction with the oxygen and carbon atoms of the methoxide groups previously formed. Both surface moieties react to form monodentate methyl carbonate species, which is the main intermediate in the production of DMC. In a final reaction step, DMC is formed by reaction between monodentate methyl carbonate groups with methanol from the gas phase, in a step that transfers a methyl group to the surface methyl carbonate and leaves an activated hydroxyl group on the catalyst surface. Water is produced by the reaction between hydroxyl groups and protons adsorbed on metal sites during methanol activation. As the products (dimethyl carbonate and water) desorb from the active sites, these become available for the next catalytic cycle. A hexagonal structure surface model composed of alternate sites with M=O and Mn + vertices was previously postulated [42] . That structure does not match the number of adjacent active sites necessary for the individual reaction steps on the bimetallic Cu-Ni/AC catalyst reported here. Instead, our results are consistent with a tetragonal structure. That structure may also represent the surface of a face-centered cubic structure, in agreement with the XRD characterization, with the center and vertices occupied by active metals M corresponding to either Cu or Ni in the Cu-Ni system.
Kinetic modeling
The Weisz-Prater (WP) criterion (Equation 12) was used to ensure the absence of diffusion limitations. If WP ≤ 1, limitation in internal mass transfer is negligibly, low.
Where r is the reaction rate and R p is the particle radius. The effective diffusivity, D ef f , was calculated from the molecular diffusion coefficient D i , porosity ϵ, tortuosity τ and σ is the constriction factor as described in Equation 13 .
Bulk density was calculated as a ratio between mass and volume of the catalyst; both porosity and tortuosity were assumed as 0.4 [43] , while the constriction factor value was taken from literature [44] , Table 5 . The Weisz and Prater criterion calculated at the highest observed reaction rate was 0.15, that is, below the limit of 1. 
This work Tortuosity ρ 0.4 [43] Constriction factor σ 0.8 [44] The proposed reaction mechanism is represented in Figure  4 . A non-competitive adsorption is assumed, i.e., methanol and carbon dioxide would interact with different types of active sites * A and * B (where * A and * B could be Cu, Ni, or Cu-Ni alloy). Dissociative adsorption of methanol, which would provide the bidentate methoxy, methoxide, and hydroxyl groups is represented by Equations 14, 15 and 16, these results are in agreement with [45] who provided experimental FTIR evidence for participation of methoxi and methoxide intermediates in the thermal decomposition of methanol. The adsorption of CO 2 as mono/bidentate carboxylate is depicted by (Equation 17 ), which has been reported as a typical bonding of carbon dioxide at a transition metal center [46] . Reaction of the carboxylate and methoxy species to produce monodentate methyl carbonate is given by Equation 18 . Then, reaction of methoxide species and monodentate methyl carbonate yields dimethyl carbonate and releases two "type A" active sites and one "type B" active site, Equation 19 . Finally, water is obtained by reaction of adsorbed hydroxyl and hydrogen groups, Equation 20 .
Reaction of adsorbed carbon dioxide with methoxy species, Equation 18 , was chosen as rate determining step due to the slow activation of carbon dioxide [25, 47] . 
Where: 22) is defined as the approach-to-equilibrium factor [34] , to account for the change in the overall reaction rate in the proximity of the chemical equilibrium; and, θ A (Equation 23 ) and θ B (Equation 24 ) are the fractions of empty sites. Figure 5 and 6 show the performance of the model and Table 6 presents the kinetic estimated parameters. It can be seen that the kinetic model obtained from the reaction mechanism developed in this work predicts adequately the experimental results; moreover, the model captures both the qualitative and quantitative behavior of the direct synthesis of dimethyl carbonate from CO 2 and methanol over Cu-Ni/AC catalyst. 3.58 × 10 -1 reaction mechanism of the direct synthesis of dimethyl carbonate from carbon dioxide and methanol, Figure  7 . Specifically, a Langmuir-Hinshelwood mechanism that includes carbon dioxide and methanol binding to the catalyst in separate steps, as it was suggested in kinetics studies of the liquid phase DMC formation [30] , is consistent with the experimental results. The large K 5 value suggests the irreversibility of the surface reaction. The estimated apparent activation energy was 94.2 kJ mol -1 .
Figure 7 Comparison of calculated and experimental values for dimethyl carbonate formation
The parity plot presented in Figure 7 shows no systematic deviations between the experimental and calculated dimethyl carbonate concentrations. Accuracy of model predictions supports the proposed mechanism as a good representation of the reaction steps.
Conclusions
Monometallic Cu and Ni and bimetallic catalysts supported on activated carbon were synthesized and tested for the gas phase formation of DMC from methanol and CO 2 . It was found that the catalytic activity of bimetallic samples was higher than monometallic samples. The most active catalyst was the Cu:Ni-2:1 molar ratio sample. The presence of Cu-Ni alloy was evidenced by X-ray diffraction. A kinetic equation was developed for the reaction over Cu-Ni:2-1/AC catalyst. The proposed mechanism was consistent with a Langmuir-Hinshelwood type mechanism where carbon dioxide and methanol are adsorbed on different active sites of the catalyst (Cu, Ni or Cu-Ni solid solution) in two separate steps with the reaction between adsorbed species as rate controlling step. The rate law obtained from the proposed reaction mechanism is in agreement with experimental data. The estimated activation energy was 94.2 kJ mol -1 , which is lower than values reported over ceria-based catalysts.
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